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Abstract In creating a hole on brittle materials by double-side
sand blasting, the rebounding sand particle flux during the pro-
cess may result in underetching at the edge of the mask opening,
and leads to a larger sized fluid hole than the desired one. Deter-
mination of the correct mask opening size was made mainly by
trial and error in the past. In this paper, relationships between the
mask opening size and desired size of a hole on both the front
and the back sides of the substrate are derived. For the front side,
by taking into account the underetching effect, an equation is de-
rived based on the kinetic energy theory. For the back side, there
is negligible rebounding sand particles, and the mask opening
size is set to be equal to the desired size of the hole. Experi-
ments were conducted to verify the derived relationships. It is
found that the measured sizes of the eroded holes on both the
front and the back sides of the wafer substrate are distributed nor-
mally. The desired hole sizes deviate slightly from the median
of a normal distribution curve, and the maximum predicted er-
rors are 2.4% and 3.0% for front side and the back side sand
blasting, respectively. The very satisfactory result together with
ANOVA and test of homogeneity of variance of the predicted er-
rors for various hole size shows that the derived relationships is
applicable for determination of the mask opening size in the sand
blasting process.

Keywords Brittle material · Mask · Mask opening size ·
Sand blasting · Underetching

1 Introduction

Semiconductors, ceramics, glasses, and piezoelectric have spe-
cial electronic, optical, physical, and mechanical properties, they
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are widely used in computers, consumer products, communica-
tions equipment, manufacturing industries, automobiles, and by
the military. These materials possess the common characteristic
of being hard, brittle, and difficult to process. In the process of
such materials, it is always necessary to engage in a subsequent
micromachining processing, such as drilling holes or ditching
slots. Since the traditional machining processes are ineffective
for such brittle materials, an extremely slow dry or wet etching
process has been used in the past [1].

Research on sand blasting in the past was mainly focused
on the negative effects of sand blasting to the machine elem-
ent [2, 3]. However recently, sand blasting has been proposed as
a new, simple, and very fast mechanical etching method for the
fabrication of micro systems on brittle materials [4, 5], the ero-
sion rate is on the order of 1 mm/min [6], much higher than that
obtainable by dry or wet etching processes. The etching or ero-
sion mechanism is based on material removal due to the gener-
ation of mico-cracks by sharp indenting particles [7, 8]. Whereas
micro patterning resolution typically is around 50 µm (for pow-
der particle size of 30 µm) but can be smaller when smaller size
erosion powders are used [6]. One example of application is to
sand blast an etch ink slot on a single silicon substrate chip of an
ink jet printhead as shown in Fig. 1.

Fig. 1. A fluid slot on a single silicon substrate chip of an ink jet print head
created by sand blasting
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When holes on a wafer substrate are to be created by such
a technique, the mask must first be closely stuck on or mag-
netically attracted to the substrate, and after the front side sand
blasting process, the inside contour of the eroded hole of the sub-
strate approaches a cone shape, a small opening size appears at
the bottom of the substrate and is always not fit for the desired
size, the small opening will therefore need to be further expanded
by back side sand blasting. Traditionally, a resin or metal was
used as the mask material, this mask kept the sand from etch-
ing areas of the work piece that did not require processing. The
mask can resist the blast etching from the front sandblast flux,
but it is unable to resist the rebounding sand particle flux coming
from the substrates before it is blasted through. Thus, underetch-
ing on the front side of the substrate occurs at the edge of the
mask opening whereby the size of the created fluid hole actually
blast-etched out is larger than the mask opening size. In the past,
there was no suitable formula for calculating the correct mask
opening size, any decision made had to be by trial and error or
with the fine-tuning of the masking process [9]. The precision
problem of the eroded holes caused by the mask underetching
constrains the further applications of machining of brittle mate-
rial by the sand blasting process. The present paper attempts to
derive the relationships between the mask opening size and the
desired size of a hole on both the front and the back sides of
the substrate in the double side sand blasting process so that the
mask opening size can be predicted beforehand and the accuracy
of the size of the eroded hole can be improved. It is expected that
when improvement has been achieved in accuracy of the size of
the holes, the sand blasting process, with its higher rate of ma-
chining, will provide a potential alternation for the process of
these brittle materials.

Relationships between the mask opening size and desired
size of a hole on both the front and the back sides of the sub-
strate in the double side sand blasting process are derived and
given in Sect. 2. This is followed by experimental verification of
the accuracy of the equation. The applicability of the derived re-
lationships is also checked by statistical tests. Finally, numerous
conclusions are drawn and given.

2 Determination of mask opening size

As shown in the right view of Fig. 1, it is desired to create a fluid
slot of inlet size Ds and outlet size ds. A mask opening size in the
front side blasting is first derived, then a mask opening size in the
back side blasting.

2.1 Derivation of mask opening size in front side erosion

Assuming that the incoming particles are shot in with a velocity
V at an incidence angle θ from the horizontal direction. A verti-
cal component of this velocity represented by Vy, is the principal
source of downward erosion. After the initial impact of the in-
coming particle flux, a part of kinetic energy is lost and rebound-
ing sand particles with relatively small velocity V ′ are reflected
out toward the direction of θ ′ with respect to the horizontal di-

rection. The rebounding angle θ ′ is determined experimentally,
and it is about θ/2 [7]. A horizontal velocity component of this
rebounding sand flux is represented by V ′

x as shown in Fig. 2, and
as described above, this component V ′

x is, precisely, the principal
energy that causes mask underetching.

It has been shown by Silkkerveer that the erosion rate is
strongly dependent on the kinetic energy of the indenting particle
and it is linearly proportional to the square of the velocity [10].
This relationship is represented by Belloy [11] as follows:

Ex rate

Ey rate
=

(
V ′ cos θ

V sin θ

)2

=
(

V ′ cos(θ/2)

V sin θ

)2

=
(

V ′
V

)2 1

4 sin2(θ/2)
(1)

in which Ey rate represents the vertical erosion rate caused by the
primary incoming particle flux, Ex rate represents the horizontal
lateral erosion rate. The erosion rate is defined as the ratio of
the removed material weight to the overall weight of impacting
particles. Again, the depth of erosion and erosion rate consti-
tute a linear direct proportional relationship. Hence, if the depth
of the vertical erosion and the depth of mask underetching are
represented by Dy and Dx , respectively, then

DX

DY
= Ex rate

Ey rate
=

(
V ′

V

)2 1

4 sin2(θ/2)
. (2)

At the beginning of the sand blasting process, due to the influ-
ence of the mask thickness and the inclining of the blast sand
flux, there occurs a so-called “flux shadow” effect whereby cor-
ners at the margin of the mask will temporarily not be subject
to erosion and the erosion will start at the middle of the mask
opening and extends toward all corners at the margin. As shown
in Fig. 3, when rebounding sand particles begin to erode the ma-
terial under the mask, the phenomenon of mask underetching
occurs immediately. According to real experiments, when the
depth of vertical erosion reached a depth of 0.8 D (D = mask
opening size), that is, reaching the point S in Fig. 3, the mask
underetching starts to take place. In other words, because of the
rebounding sand particles, the mask underetching occurs only
at about the depth of wafer Dy = T − 0.8D (T = thickness of
wafer, D = mask opening) as shown in Fig. 4, thus Eq. 3 can be

Fig. 2. Geometrical relationship of incoming and rebounding particles
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Fig. 3. The measured profiles of an eroded hole

written as:

Dx

Dy
= Dx

T −0.8D
=

(
V ′

V

)2 1

4 sin2(θ/2)
. (3)

Denoting (v′/v)2 by C and let the angle of incidence θ = 90◦,
then Eq. 3 becomes:

Dx = 0.5C (T −0.8D) . (4)

Let mask opening size and thickness of wafer material be de-
noted by D and T , respectively. Using Eq. 4, it is possible to
calculate the distance of the lateral mask underetching Dx , when
vertical erosion reaches the bottom of the wafer. From this, the
width Ds on the top of the wafer can be calculated when the
wafer is first blast-etched throughout on the front side.

DS = D +2Dx = D +2×0.5C(T −0.8D) (5)

Rearranging the above equation and finding C = 0.25 from ex-
periment [7], then the mask opening size can be obtained as
follows:

D = DS −0.25T

0.8
. (6)

When a hole on a chip with desired size Ds is needed, as shown
in Fig. 4, Eq. 6 can be used to find the mask opening size D.

2.2 Mask opening size in back side erosion

After front side sand blasting, a small hole appeared at the bot-
tom of the substrate, and the inside profile of the eroded hole
approached a straight line and the small opening size da at the
bottom of the substrate was da ≈ Dr − 2T tan β as shown in
Fig. 5. If the small opening size were not fit for the desired size, it
would need to further expand by back side sand blasting. In back
side erosion, because the bottom of the substrate has been eroded
through, the rebounding sand flux is less, hence the equation de-
rived in the previous section for the front side mask opening size
is not applicable. Here, a large portion of the energy of incoming
particles is absorbed by the pad beneath the eroded hole which
was created in front side erosion and only a small part of re-

Fig. 4. Relationship between the desired size, thickness, and mask opening
size

Fig. 5. The shape of an erosion-completed hole after front side sand blasting

bounding sand is again reflected out through a neck of the eroded
hole but collides with incoming particles [12]. This results in
a great decrease in the velocity of rebounding sand particles. As
mentioned by Silkkerveer, the erosion rate is strongly dependent
on the kinetic energy of the indenting particles and is linearly
proportional to the square of the velocity [10]. Therefore, the
influence on the mask underetching by the rebounding sand par-
ticles can be neglected and is independent of the desired size of
opening ds and the thickness of the substrate T . Therefore, the
mask opening size d in back side sand blasting can be designed
to be the same as the desired size ds, i.e., d = ds.

3 Experiment

To verify the accuracy of the relationships derived in the previ-
ous section, some experiments were performed. It is desired to
produce through holes of front side diameter Ds and back side
diameter ds (referring to Fig. 6) on 5 in diameter silicon wafer. The
thickness of the wafer and the desired hole sizes for each test were
given in Table 1. For each test (ID No.) 500 holes were made.

Fig. 6. Illustration of de-
sired hole size
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Table 1. The experimental size of eight sets of test pieces

Thickness (µm) 600 525

ID IIO. 1 2 3 4 5 6 7 8
DS (µm) 575 475 375 275 540 440 340 240
ds (µm) 400 330 230 130 400 300 200 100

In the experiments, the mask opening size D and d in accor-
dance with the derived equations were determined first. After the
substrate had been stuck with a layer of photosensitive resin as
a mask, more than 100 openings were made on the mask through
the exposure and development process as shown in Fig. 7. Then
the wafer was mounted on the fixture, overlaid with a layer of
PU material to absorb energy when the hole was pierced and to
prevent the wafer substrate from being broken by the sand flux.
The nozzle performed uniform blast etching on the wafer sub-
strate along the path as shown in Fig. 8. The front side of the
substrate was first blast-etched throughout, it was then turned
over to conduct blast etching on the back side. The small hole
originally located on the bottom of the substrate was expanded
until it reached the desired size of the hole. In the sand blast-
ing process 28–40 µm in diameter white Al2O3 sand particles
were used. The sand blasting pressure is p = 2.5 kg/cm2, and the
distance from nozzle to substrate is L = 8 cm.

Fig. 7. Wafer substrate with over 100 holes made thereon for testing

Fig. 8. Illustration of sand blasting path for testing

4 Results and discussion

4.1 Results

A SEM microphotograph of the shape of an erosion-completed
hole is shown in Fig. 9. An optical microscope was used to
measure the sizes of the front side, Dr , and back side, dr , of
the eroded hole. The measured Dr , dr and their correspond-
ing numbers of occurrence for the four cases tested on the
600 µm thickness wafer (ID. NO. 1–4) are drawn and given
in Figs. 10 and 11, respectively. It can be seen that they are
approximately normally distributed. Similar results are ob-
tained for the 525 µm thickness wafer as shown in Figs. 12

Fig. 9. The shape of an erosion- completed hole by double-side sand
blasting

Fig. 10. Distribution of the measured size, Dr, of the eroded holes for four
different sizes of Ds on the 600 µm thickness substrate
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Fig. 11. Distribution of the measured size, dr, of the eroded holes for four
different sizes of ds on the 600 µm thickness substrate

Fig. 12. Distribution of the measured size, Dr, of the eroded holes for four
different sizes of Ds on the 525 µm thickness substrate

Fig. 13. Distribution of the measured size, dr, of the eroded holes for four
different sizes of ds on the 525 µm thickness substrate

Table 2a,b. Size of a front side erosion b back side erosion eroded holes on
the 600 µm thickness substrate

a
Test Desired size Measured size Average size Error %
piece # DS (µm) (min.–max.) Da (µm)

DR (µm)

1 575 561–578 570 2.4
2 475 464–480 472 2.4
3 375 366–381 373 2.4
4 275 269–281 274 2.1

b
Test Desired size Measured size Average size Error %
piece # DS (µm) (min.–max.) Da (µm)

DR (µm)

1 400 397–410 403 2.5
2 330 326–339 332 2.7
3 230 225–237 231 3.0
4 130 127–134 100 3.0

Table 3a,b. Size of a front side erosion b back side erosion eroded holes on
the 525 µm thickness substrate

a
Test Desired size Measured size Average size Error %
piece # DS (µm) (min.–max.) Da (µm)

DR(µm)

1 540 528–545 536 2.2
2 440 430–446 438 2.2
3 340 333–347 339 2.2
4 240 235–245 239 2.0

b
Test Desired size Measured size Average size Error %
piece # DS (µm) (min.–max.) Da (µm)

DR (µm)

1 400 397–410 403 2.5
2 300 296–308 302 2.7
3 200 195–206 201 3.0
4 100 97–103 100 3.0

and 13. Tables 2 and 3 show the measured maximum size,
minimum size, the average size, and the maximum error with
respect to the desired hole size in percentage for the 600 µm
and 525 µm thickness wafer, respectively. The maximum er-
rors are 2.4% and 3.0%, respectively for the front side and
back side sand blasting, and fairly accurate size of the holes are
achieved.

4.2 Statistical tests

To further check if the derived relationships lead to consistent
results (i.e., same mean error and variance) irrespective to the
wafer thickness and desired hole size, ANOVA [13] and test of
homogeneity of variance of the predicted error (i.e., the differ-
ence between measured size and desired size) for the front side
hole and back side hole were conducted, respectively.
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Table 4a,b. The results of a ANOVA and b Test of homogeneity of variance
for front side hole

a
Source of Sum of Degree of Mean F-value
variation square freedom square

Between 61.187 7 8.741 0.505
Within 69697.528 3992 17.309
Total 69758.715 3999

b
Levence Numerator’s Denominator’s p-Value
statistics degree of freedom degree of freedom

0.509 7 3992 0.676

Table 5a,b. The results of a ANOVA and b Test of homogeneity of variance
for back side hole

a
Source of Sum of Degree of Mean F-value
variation square freedom square

Between 73.570 7 10.510 1.237
Within 33920.024 3992 8.497
Total 33993.594 3999

b
Levence Numerator’s Denominator’s p-Value
statistics degree of freedom degree of freedom

0.543 7 3992 0.581

The results of ANOVA and test of homogeneity of variance
of the predicted errors for the front side hole are given in Table 4a
and b, and those for the back side hole are displayed in Table 5a
and b. For both conditions, from ANOVA the computed F value
is less than F0.05(7,∞) = 2.01, hence statistically there is no dif-
ference of the mean of the predicted errors for all tested cases.
The p-value from the test of homogeneity of variance is larger
than 0.05. This indicates that the dispersion of the error with re-
spect to mean error is the same. Based on these two tests, it is
concluded that the distributions of the measured size for all tested
cases are the same irrespective to the wafer thickness and size of
the holes.

4.3 Discussion

The fairly small predicted error together with very consistent
distribution of the predicted error irrespective to the wafer thick-
ness and the size of the desired hole demonstrate that the de-
rived relations are applicable for determination of the correct
mask opening size in double side sand blasting process. How-
ever, its use may be limited and affected by the following
conditions.

1. The equations derived in this paper are based on the assump-
tion that the thickness of the mask is sufficient enough to
keep the substrate from the erosion of sand blasting.

2. In front side sand blasting, the phenomenon of mask under-
etching occurs when the depth of vertical erosion reaches
a depth of the substrate, and from the actual experiments,
the depth was estimated as 0.8D (D = mask opening size).
Therefore, the problem of mask underetching may not be
taken into consideration in the decision of mask opening size
when the thickness of work substrate T is less than 0.8D, or
in other words, Eq. 6 is valid only when T > 0.8D.

3. As mentioned above, the starting point of mask underetching
was estimated to be 0.8D from the top of the substrate, which
is a measurement value, and, as such, may contain a small
measurement error which results therefore in inducing some
error to Eq. 6.

4. In back side erosion, because the bottom of the substrate has
been eroded through, a large portion of the energy of incom-
ing particles is absorbed by the pad beneath the opening,
which results in disability of rebounding sand flux. There-
fore, mask underetching caused by rebounding sand flux
may be related to the material of the pad. In the present
work, all experimental data were obtained using a pad of PU
material.

5. Because static electricity will arise around where high speed
sand flows and influence the path of sand flow, hence to
ensure the precision of products it is necessary to elim-
inate its occurrence effectively when sand blasting is in
progress.

5 Conclusion

In this paper, relationships are derived whereby the mask open-
ing size can be rapidly calculated from the desired size of the
hole rather than by the trial-and-error method used frequently
in the past. Experimental verification has shown that the de-
rived relationships lead to very accurate result; the maximum
predicted errors are 2.4% and 3.0% for front side and back side
sand blasting, respectively. The statistical tests of the predicted
errors also demonstrate that the relationships result in very con-
sistent distribution of the eroded holes irrespective to the size
of the desired hole and wafer thickness. It is concluded that the
derived relationships are applicable for determination of mask
opening size in advance, and will contribute to the sand blasting
process.
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